Abstract--Long-range ordering of tetrahedral cations in micas is favored by phengitic compositions, by the 3T stacking sequence of layers, and by tetrahedral Si:A1 ratios near 1:1. Phengites of the 134, 2M1, and 2M2 polytypes are said to show partial ordering of tetrahedral cations, although the amounts of tetrahedral substitutions are small and the accuracies of determination are not as large as desired. The 3T structures of muscovite, paragonite, lepidolite, and protolithionite show tetrahedral ordering, as do the 2MI brittle micas margarite and an intermediate between margarite and bityite. Muscovite-3T and margarite-2M1 are also slightly phengitic relative to their ideal compositions. Examples of octahedral cation ordering in micas are more abundant and are to be expected when cations of different size and charge are present. Octahedron M(1) with its OH,F groups in the trans orientation tends to be larger than the mean of the two cis octahedra as a result of the ordering of cations and vacancies. In some samples ordering has reduced the true symmetry to a subgroup of that of the ideal space group. If ordering in subgroup symmetry results in ordered patterns of different geometries but similar energies in very small domains, the average over all unit cells may simulate long-range disorder.
INTRODUCTION
Where ionic substitutions occur in a mica the possibility exists that the different cations that occupy a given type of structural site may do so in either a regular or irregular manner. A truly random distribution over many unit cells is required to meet the definition of substitutional solid solution in which, on the average, each cation site in the unit cell is represented by a hybrid atom that is statistically part atom A, part atom B, etc. This is the disordered state. But there may be a tendency instead for complete or partial ordering of the constituent cations over the available positions as a result of size and/or bonding differences of the cations involved or of some inherent structural difference between the positions. The presence or absence of such ordering is important in evaluating the overall energy and stability of these structures.
One of the problems in studying ordering in layer silicates is that the ideal space-group symmetry that is conferred by a particular stacking sequence of layers with disordered cation distributions may not be the true resultant symmetry. The pattern of cation ordering that has been adopted may lower the true symmetry relative to that of the disordered state. For example, the symmetries of the ideal space groups require all interlayer cations to be equivalent (i.e., disordered) for all six standard mica polytypes of Smith and Yoder (1956) and the tetrahedral cations to be equivalent for the 1M, 2Or, and 6H micas. Any ordering that takes place for these cations necessarily lowers the symmetry to a subgroup of that of the disordered state. The lower subgroup symmetry may be very difficult to detect in view of the large influence of the stacking sequence of layers on the diffraction intensities, an unfortunate con- sequence of a high degree of pseudosymmetry. The ordering must be investigated in each possible subgroup symmetry by some method that negates the pseudosymmetry.
LONG-RANGE ORDERING Bailey (1975) summarized the results of detection of cation ordering in layer silicates in both ideal and subgroup symmetries. The results of tetrahedral and octahedral ordering for the micas have been updated and are shown here as Tables 1 and 3 . No ordering of interlayer cations has been reported.
Ordering of tetrahedral cations
Ordering of tetrahedral cations is relatively rare in micas. About 70 refinements of mica structures have been reported, but only ten examples of ordering of tetrahedral Si,A1 merit consideration here. One of the major mysteries regarding micas is why the most common species are disordered (namely muscovite-2M1, phlogopite-1M, and biotite-1M), even though these species may occur in their host rocks immediately adjacent to other silicates that are completely ordered, such as maximum microcline and low albite.
In Table 1 only those specimens are listed for which the authors have stated that tetrahedral cation ordering occurs and on which reasonable structural refinement has been performed. Less certain examples are not listed. Even in these best examples the final residual values (R) between observed and calculated spectral amplitudes and the deviations between analyzed and calculated tetrahedral compositions are not as small as desired for some specimens. Assuming the validity of these examples, however, the obvious trends emerge Giiven and Burnham (1967) Gtiven (1971a) Zhoukhlistov et al. (1973) Sidorenko et aL (1975) Guggenheim and Bailey (1977) Sidorenko et al.
Brown (1978) Guggenheim and Bailey (1975, 1978) Pavlishin et aL protolithionite- ( 1981) 3 T (Ukraine, U.S.S.R.)
Lin and Guggenintermediate heim (1983) margaritebityite-2M~ (Zimbabwe) Sio.,sAlo.15
T(1) = 1.723 T(2) = 1.628 T(22) = 1.721 T(11) = 1.632 (Be TM also present) Indicated Si, A1 and A1TM contents are as given by the regression equation of Hazen and Burnham (1973) .
that tetrahedral ordering is favored in the 3 T structure, for phengitic compositions, and for Si:A1TM ratios near 1:1. The 3T structures of muscovite, paragonite, lepidolite, and protolithionite all have been stated to be ordered, as have phengites in the 1M, 2M~, and 23//2 stacking arrangements. Muscovite-3 T is slightly phengitic also. Sidorenko et al. (1975) commented that the correlation between phengitic composition and ordering is probably not coincidental. In contrast to the order found in dioctahedral phengite-2M2, three determinations of the structure of the trioctahedral lepidolite-2M2 detected no tetrahedral ordering. No significant tetrahedral ordering has been found for any of the abundant trioctahedral 1M micas, although the possibility of ordering to subgroup symmetry has seldom been investigated. Because of similarity in their scattering powers, ordered patterns of Si and A1 in these studies have been detected by the differences noted in the mean T-O bond lengths between nonequivalent tetrahedra. Hazen and Burnham (1973) found a linear regression relation T-O = 1.608/~ + O. 163 [XAI/(XAi + XSi) ] for the mean tetrahedral bond lengths in the micas; this equation is used in Table 1 to calculate the tetrahedral compositions. Alternation of the smaller Si and the larger A1 around the six-fold tetrahedral rings has been the only ordering pattern thus far found in micas.
Although muscovite-2M1 has two independent tetrahedra in its ideal symmetry, all well-refined structures show relatively small differences in the mean T-O bond lengths of the two tetrahedra. In discussing the relationship between the disordered 2M~ and the ordered 3T forms of muscovite, Gfiven (197 l b) pointed out that the two tetrahedral sheets within a single mica layer are related to each other by a center of symmetry in the disordered 2341 structure but by a lateral twofold rotation axis in the ordered 3 T structure. An apical oxygen attached to one Si 4+ tetrahedral cation and to two AP + octahedral cations has its negative charge exactly balanced, but an excess negative charge exists if AP + substitutes for Si 4+. Gfiven pointed out that if tetrahedral cation ordering were present in the 2M~ structure, two apical oxygens would be present with unsatisfied negative charges arrayed along a diagonal octahedral edge that is shared between two A1 octahedral cations. Such an arrangement maintains the inversion center that lies on the shared edge, but is potentially unstable because the shortening of shared edges inherent in these dioctahedral sheets will lead to repulsion between apical oxygens with excess negative charges. In the ordered 3 T structure the octahedral edge in question lies between one occupied and one vacant octahedral site so that edge-shortening is not required.
It is also possible to describe an ordered 2M~ structure in subgroup Cc so that compositionally similar tetrahedra of adjacent sheets are not related by the inversion center but instead by a lateral two-fold rotation axis that does not hold for the structure as a whole. This latter ordered structure has been found in the 2M~ brittle mica margarite (Guggenheim and Bailey, 1975, 1978) and in a specimen that is chemically intermediate between margarite and bityite (Lin and Guggenheim, 1983) . The Cc subgroup structure should be especially favorable because it allows complete ordering of the four tetrahedral cations into four nonequivalent sites (in contrast to two sites in C2/c).
Nevertheless, the greater driving force for ordering inherent in these brittle micas due to their greater tetrahedral substitutions (2Si + 2A1 in margarite and 2Si + 2A1,Be in bilyite) is required to realize the ordering, because the ordering pattern is not adopted by either muscovite-2M~ (Guggenheim and Bailey, 1975) or paragonite-2M~ (Lin and Bailey, 1984) that have tetrahedral compositions of 3Si + 1A1. The structures listed in Table 1 have been derived by both X-ray diffraction and electron diffraction methods and represent differing degrees of accuracy. The quality of the data as compared to the structural model can be judged by the final agreement between observed and calculated spectral amplitudes (R values) and by the degree of agreement between the total A1TM contents as determined by the size differences of the tetrahedra and by chemical analysis ( Table 1 ). The significance of the tetrahedral size differences also can be judged statistically by consideration of the determinative errors involved. If az is the error (standard deviation) of an individual bond length, the error of the mean of n values is a, = a/n '/2, where n = 4 for a tetrahedron. For the difference 2x between the two mean values of the same accuracy ~ra = 2'/=(r, and in order for an observed difference A to be statistically significant at the 1% level, it should be equal to or greater than 2.33~A or at the 0.1% highly significant level should be equal to or greater than 3.09a~ according to the criteria of Cruickshank (1949) . Because of the difficulty in deriving true values of the determinative errors, many crystallographers prefer an observed bond length dif- ference to be at least 3.0 standard deviations, rather than 2.33, for significance at the 1% level. Significance at the 1% level as used here means that there is a I% probability that by chance a bond length A could be observed as greater than bond length B by at least A, although really equal to B. In this review bond-length differences between 2.3cr~ and 3.1 cr~ are treated as being in the borderline area of significance at this level. Table 2 the differences between the tetrahedral bond lengths are highly significant for margarite-2M~, margarite-bityite-2M~, muscovite-3 7", phengite-2M2, and protolithionite-3T (A/tr~ = 23.2 to 4.5). The difference in phengite-1M is not statistically significant at the 1% level (A/a~ = 1.5). All of the other structures group together in the borderline range with &/a~ values between 2.5 and 3.l. The reasons for the lower significance levels in this latter group are different for different specimens. For paragonite-3 Tit is due to the larger determinative error (r~; for phengite-2M1 and lepidolite-3 T, where the errors are smaller, it appears to be due to a combination of a small amount oftetrahedral substitution and incomplete ordering; and for zinnwaldite-lM, to a small degree of ordering. Clearly, only a small number of refinements of high accuracy have detected any substantial degree of tetrahedral ordering in micas. Ordering of tetrahedral Si,Fe 3+ has been verified in subgroup symmetry in anandite-20 (Filut and Bailey, in preparation), but is not considered here.
Ordering of octahedra! cations
Octahedral cation ordering, as judged either by observed differences in mean M-O,OH,F bond lengths or by refinement of octahedral occupancies based on differences in scattering powers of the cations, is more common than tetrahedral ordering in micas. Table 3 gives the bond lengths and reported octahedral compositions for the best documented examples of octahedral ordering in the micas. Note in some cases that verification of ordering depends entirely on refinement of the octahedraI occupancies because the mean bond lengths of all of the octahedra are similar. Statistical analysis of the bond lengths is not helpful in such cases, It should be noted also that many specimens selected for structural refinement have been end-member compositions with only one element present in octahedral coordination. Although ordering between Mg and Fe 2+ is uncommon, Table 3 shows that ordering is common between other octahedral cations of different sizes and charges. It may be concluded that ordering is to be expected if the oetahedral compositions are conducive.
In all dioctahedral micas the vacant octahedral site has been found to be located on the mirror plane of each 2:1 layer, i.e., in site M(1) that has its OH,F groups on opposite octahedral comers in the trans orientation. This arrangement can be considered as a form of ordering and is in accord with the pattern of ordering usually found in trioctahedral micas: the trans octahedron M(1) tends to be larger than the mean of the M(2) octahedra, which have their OH,F groups on adjacent comers in the cis orientation. An exception to this generalization was previously believed to be the structure of the brittle mica clintonite-lAl (xanthophyllite) for which Takruchi and Sadanaga (1966) found the smaller A1 in the M(1) and the larger Mg in the M(2) sites. A redetermination of the structure by neutron diffraction (W. Joswig, University of Frankfurt, Frankfurt-am-Main, Germany, personal communication, 1983), however, shows that one Mg is in M(1) and that the other Mg plus the A1 are disordered over the two M(2) sites. Levillain et al. (1981) cited M6ss-bauer data to suggest that a similar octahedral ordering pattern exists in the structure of a synthetic siderophyllite of composition K(Fe2+2A1)(Si2Alz)O10(OH)2.
The relative ratio of large to small octahedra, however, is not always in accord with the ratio of large to small octahedral cations present. For example, in synthetic lepidolite-1M of the polylithionite composition (Takeda and Burnham, 1969 ) two large octahedral Li ions and one smaller A1 ion are present by chemical analysis. Yet the ordering pattern creates only one large octahedral site at M(1) on the mirror plane but two smaller symmetry-related M(2) sites. The compositions inferred from the refinement of scattering powers in these sites are M(1)= Li0.89A10 ~ and M(2)= (Li0.55Alo.45) x 2. Similar ordering patterns have been observed in both the 1M and 2Ma forms of natural lepidolites from Elba, Italy, and Radkovice, Czechoslovakia (Table 3) .
Hybrid atoms, such as those cited above that are part atom A and part atom B, are a statistical device to indicate disorder of those atoms in a given site when averaged over many unit cells. The atoms obviously cannot exist as hybrids in the structure, and especially near critical compositions such as (Li0.sAlo.~) x 2 one might suspect that ordering within the M(2) octahedra has taken place to lower the symmetry or to create a superlattice. Guggenheim and Bailey (1977) investigated this possibility for a zinnwaldite-1M crystal from the Erzgebirge. They found that despite lack of appreciable tetrahedral ordering, octahedral ordering has lowered the resultant symmetry from the ideal C2/m symmetry to that of subgroup C2 with all three octahedra having different scattering powers. All of the octahedral A1 is concentrated in one of the M(2) sites, and the remaining Fe, Li and other cations are distributed not quite equally over M(1) and the second M(2) site. The hybrid F, OH atom has moved off the mirror plane of the 1M structure in order to coordinate more closely with the small A1. The ideal space group of lepidolite-3T permits all three octahedra to be of different composition, and the structure by Brown (1978) shows this to be the case for a crystal from Australia. Guggenheim (1981) found variable amounts and patterns of octahedral ordering in different 1M lepidolite crystals, some in ideal symmetry and some in subgroup symmetry. This arrangement illustrates the dangers inherent in making generalizations or extrapolations based on the structural refinement of a single specimen. Toraya (1981) noted that the trans M(1) site in 1M micas not only tends to be larger than M(2), but also to be occupied by a cation of lower charge or by a vacancy. He explained that in the reverse situation an increase in size of M(2) would stretch the O-O edge that is shared between two adjacent M(2) cations (thus increasing repulsion between the cations), shrink the O-OH,F edge shared between M(1) and M(2) (decreasing repulsion), and increase repulsion between oxygens on unshared lateral edges of M(1) due to its smaller size. An increase in size of M(1), however, gives the reverse effect on all of these edges and is energetically more favorable overall. The only unfavorable factor would be increased repulsion between M(1) and M(2) across the shared O-OH,F edge, and this is minimized by having a low charge on the M(1) cation. Several micas have been described with total octahedral occupancies halfway between dioctahedral and trioctahedral. Levinson (1953) showed in the muscovite-lepidolite series that bulk compositions in this intermediate range actually are intimate mixtures of separate dioctahedral and trioctahedral phases. But in other series the intermediate compositions appear to apply to a single phase, and it is of interest to know the nature of the structural adaptations. Toraya et al. (1976 Toraya et al. ( , 1978 refined the structures of two synthetic micas having octahedral occupancies close to Mg25150.5. In the silicate mica [~Ko.88(Mg2.56[30.44) Si4OloF2] the vacancies were found to be distributed 
Ordering of interlayer cations
Any ordering of interlayer cations necessarily reduces the symmetry to a subgroup of the parent space group for the six standard mica polytypes of Smith and Yoder (1956) . No ordering of these cations has been reported, but the possibility does not appear to have been seriously investigated.
Unmixing of different size interlayer cations is well documented in the muscovite-paragonite-margarite ternary system. An especially interesting unmixing intergrowth also has been observed in the only known occurrence of wonesite. Veblen (198 3) used transmission electron microscopy, electron diffraction, and X-ray analytical electron microscopy to show that wonesite having a bulk interlayer composition of Nao.395Ko.o73Cao.oo2E]0.53 has exsolved into a very fine, lamellar intergrowth of talc and a wonesite of a different interlayer composition of approximately Nao.505K0.093Cao.oo2[S]0.4o. The exsolved wonesite also is enriched in A1, Ti, Cr, and Fe relative to the exsolved talc. An asymmetric solvus is depicted as lying between talc (with no interlayer cations) and a hypothetical mica "E" (with no interlayer vacancies) that lies on the join between Na-phlogopite and preiswerkite. Surprisingly, the intergrown lamellae are inclined to (001) by an average angle of 37 ~ .
Local charge balance
The stability of a structure would be enhanced if, in addition to the presence of tetrahedral and octahedral cation ordering, the ordered constituents can be arranged in patterns that provide charge balance between the local sources of excess positive and negative charges created by ordering. Local charge balance between the ordered constituents oftetrahedral and octahedral sheets has been recognized in certain specimens of chlorite and vermiculite. In these samples the local balance occurs as a result of a particular arrangement of an octahedral interlayer relative to the tetrahedral sheets of 2:1 layers above and below. In micas there is the added complication of a positively charged interlayer cation that cannot contribute to local charge balance because its charge necessarily is distributed equally over all of its basal oxygen neighbors. But local charge balance might still be possible within a 2:1 layer in two kinds of micas: (1) those that have a high amount of tetrahedral substitution of R 3+ for R 4+, and for which part of the excess negative charge thus created on the tetrahedra is reduced by a positive charge due to octahedral substitution of R 3+ for R 2+ or R § for [3, or (2) in trioctahedral micas of smaller tetrahedraI substitution in which octahedral R 3+ substitution in one site can be compensated in part by octahedral R 1+ or vacancies in the other two sites. Logical candidates thus would include A1-or Fe3+-rich biotites, lepidolite, zinnwaldite, masutomilite, wonesite, preiswerkite, and clintonite. It is of some interest tO determine whether the concept of local charge balance has any validity in the micas.
Among the micas in Tables 1 and 3 for which both tetrahedral and octahedral cation ordering have been claimed, only in lepidolite-3 T, protolithionite-3 T, and zinnwaldite-1M are there local sources of positive octahedral charge due to concentration of A1 in one octahedral site. The geometric distribution ofAl-rich octahedra (highest positive charges) and Al-rich tetrahedra (excess negative charges) in lepidolite-3T and protolithionite-3T does not lead to local charge balance. A different tetrahedral ordering pattern in zinnwaldite-1M, however, does create the correct geometry in which the underbonded apices of two Al-rich tetrahedra link to a diagonal shared edge of the Al-rich octahedron. Zinnwaldite-1M is not the most desirable example to cite as proof of local charge balance, however, inas- Figure 1 . Portion of 2:1 layer of phengite-1M to illustrate separation of tetrahedral and octahedral sources of negative charge. The Al-substituted tetrahedra T(2) are linked by apical oxygens above and below to a diagonal edge (bold line) shared between an unsubstituted octahedron AI(1) and a vacant octahedron. The unsubstituted tetrahedra T(1) are linked to an edge shared between the Mg,Fe-substituted octahedron Al(2) and a vacant octahedron. much as the degree oftetrahedral ordering is very small (Table 1) . Soboleva and Mineeva (1981) claimed the existence of a different type of charge balance in the structure of phengite-1M as determined by Sidorenko et al. (1975) . Here, the substitution of tetrahedral AP + for Si 4 § and ofoctahedral Mg 2 § for AP + creates two different sources of negative charge, and the ordering places the local sources of the two negative charges as far apart as possible. This effect might better be termed avoidance of local charge imbalance. The geometry is illustrated in Figure 1 . The Mg-substituted octahedron Al(2) has an overall negative charge because the nominal charges on the coordinating anions are greater than the positive bond strengths contributed to them by the enclosed hybrid cation. This octahedron is linked by a diagonal edge (bold line) to the O(1) apices of two of the most neutral tetrahedra (one Si-rich T(1) tetrahedron from each of the tetrahedral sheets within a 2:1 layer) while it is linked to the Al-substituted and negatively charged T(2) tetrahedra by two trans 0(2) corners. The most neutral Al-rich octahedron AI(1), on the other hand, is linked most closely by the diagonal shared edge 0(2)-0(2) to two of the Al-rich and negatively charged tetrahedra T(2) and by trans O(1) comers to the neutral T(1) tetrahedra.
For the 1M structure the type of charge balance illustrated in Figure 1 requires the substitution of lesser charged cations in both sheets (phengitic in this example) to permit the ordering and a reduced symmetry as a result of the ordering. It should be noted that the phengite-1M structure is not as accurately determined as desirable. The residual R value is 10.9%, and analysis of the determinative errors shows that, while the octahedral ordering is statistically significant (A mean M-O,OH = 4.4a~), the tetrahedral ordering is not, at the 1% level (A mean T-O = 1.5erA).
An infrared and cell-dimension study in the synthetic muscovite-celadonite system by Velde (1980) is of special interest here because of his interpretation that the data are consistent with octahedral ordering on the celadonite-1M side of the system at 10 kbar and by tetrahedral ordering at the muscovite side only at the higher pressure of 13 kbar. It is not known how the differences in distribution of vacancies over the three octahedral sites, as noted previously in paragonite-3T, would affect the infrared patterns or cell dimensions. The composition of the phengite-1M structure cited above places it at the midpoint of this series with respect to its tetrahedral Si:A1 ratio of 3.51:0.49 although the octahedral R 2+ substitution of0.18 atoms is low and is correlated with a low interlayer cation total of 0.68 atoms. The phengite-lM structure indicates that the octahedral ordering is real and extends farther toward the muscovite end of the series in nature than indicated by Velde's data for the synthetic system. Velde's interpretation does not anticipate tetrahedral ordering for the composition of this specimen even at 13 kbar. Refinements of two other natural phengite specimens (2M2 and 3T) have indicated tetrahedral ordering without octahedral ordering (Tables 1 and 2) , whereas for a third phengite (2341) neither tetrahedral nor octahedral ordering is indicated (Rule and Bailey, unpublished) .
A better example of avoidance of local charge imbalance is provided by the structure of the brittle mica margarite-2M1. The specimen studied by Guggenheim and Bailey (1975, 1978) also is slightly phengitic in that the tetrahedral Si:A1 ratio of 2.11:1.89 has excess Si relative to the ideal 2:2 ratio, and this excess positive cationic charge is compensated by substitution of octahedral Mg and Fe 2+ for A1. The pattern oftetrahedral and octahedral ordering adopted in subgroup Cc creates two local sources of excess negative charge that are separated as far as possible. Tetrahedral ordering is complete in this specimen, but the amount of octahedral substitution is small and the obset%ed difference in mean octahedral bond lengths of 0.012 A is only 2.7a~.
A questionable example of the same effect is found in the structure of paragonite-3T as a result of the postulated tetrahedral cation ordering and unequal distribution of cations and vacancies over the three octahedral sites. The statistical significance of the ordering again is borderline. The observed difference in mean T-O bond lengths of 0.075 & is 2.7~A (Table 2) . The difference of 0.016 & in the mean M-O,OH bond lengths of the two cis octahedra is not statistically significant (2x = 0.Sa~), but Sidorenko et al. (1977) stated that the inferred compositions of A109[]o.1 and A10 s~o.2 for these octahedra along with Alo.3Fqo,7 in M(1 ) gave the smallest R factor during refinement by successive Fourier syntheses (for which the determination errors are not known).
Thus, the available data do not prove any strong tendency for either local charge balance or avoidance of local charge imbalance as a result of cation ordering in micas. More accurate structural refinements are needed for cases such as those cited above where it is important to be able to determine the reality of ordering involving small amounts of substitution. But even if the small differences are real, Baur (1970) has shown that variations in bond lengths compensate adequately for most observed variations in valence saturations. The driving force for local charge balance in micas must, therefore, be minimal.
Standardized cation notation
More credence could be given to the significance of small bond length differences as a measure of ordering if they could be shown to be consistent for a given polytype, e.g., with T(1)-O > T(2)-O in all examples of ordering within the 2M1 structure, or to be in accord with established crystal chemical factors that might favor localization of a given cation in a specific tetrahedral or octahedral site. A standard notation for the possible sites is a necessary first step in investigating these possibilities, because to date different authors have used T(1), T(2), M(2), M(3), etc. as labels for different tetrahedral and octahedral sites and one cannot analyze Tables 1 and 3 in terms of an absolute locus of the ordered substitutions.
For the tetrahedral cations it is recommended that the first 2:1 layer of the structure be viewed parallel to the symmetry plane (real or pseudo) of the layer with the direction of the intralayer shift pointing away from the observer. The trans M(1) octahedron then will be located halfway between the edges of two hexagonal rings that differ by a/3 in projection onto (001), as in Figure 2 . The tetrahedron in the upper tetrahedrai sheet that is closest to M(1) and to the right of the symmetry plane is to be labeled T(1) and that to the left is T(2). In space group C2/c for the 2M~ and 2M2 structures and in P3 ~ 12 for the 3 T structure these tetrahedra are not equivalent by symmetry, and both must be used in the structural refinement. In C2/m, the ideal symmetry of the 1M structure, the two tetrahedra are equivalent and only T(1) need be used. In subgroup C2 the symmetry plane is lost and the two sites again are non-equivalent. The relationship of the upper tetrahedral sheet to the lower sheet and of the first 2:1 layer to successive layers is determined by the resultant symmetry, and the notation used for tetrahedra in these parts of the structure is immaterial for the present pur-I NTRALAYER STAGGER " :7<i .....
Figure 2. Recommended notation system for tetrahedral and octahedral sites in the first layer of a mica structure. Upper tetrahedral sheet is shown in full line, lower sheet in dashed line.
pose. It is necessary to define what is meant by the "first layer" in multiple-layer structures, however, and this is done here by arbitrary reference to Figure 1 .15 of Bailey (1980) . The first layer in the 2M~ structure thus is defined as the one with its intralayer shift directed along the pseudohexagonal axis +X2 of the resultant unit cell, in the 2M2 structure along + }12, and in the 3 T structure along -X~. There already is a consensus among authors that the octahedron with its OH,F groups in the trans orientation is to be labeled M(1). In Figure 2 the cis octahedron closest to the symmetry plane of the layer and to the right is labeled M(2) in the present system. The cis octahedron to the left, if not equivalent by symmetry to M(2), is to be labeled M(3). Table 4 summarizes the application of the standard notation system to some of the ordered micas listed in Tables 1 and 3 . It is necessary to evaluate each structural type separately. No preferred locus of tetrahedral cation ordering is evident in the 1M and 2M~ structures, but few examples are available for comparison and only a small degree of ordering has been postulated in some cases. In all four 3 T structures A1TM is in site T(2), and in the three ordered phengite structures AP v is also in site T(2). Octahedral cation ordering may or may not be present in the same crystal that shows 
Localized sites of ordering
tetrahedral cation ordering. Neglecting the usual preference of vacancies and larger cations for octahedral site M(1), no marked tendency exists for M(2) to be larger or smaller than M(3) as a result of ordering.-On the basis of these limited data, AI TM tends to localize in site T(2) in phengites, and the sequence of layer stacking tends to influence the localization of tetrahedral cations only in the 3 T structure. The reason for this influence is not known at present. Verification of any trends for localization of cations will require the results of many more structural refinements of high accuracy than are presently available. It is not surprising that either the tetrahedral or octahedral cations show little or no preference for specific structural sites when the symmetry is reduced by ordering from that of the parent space group to that of a subgroup, such as in the change from C2/m to C2 for the 1M structure. In the 1M structure tetrahedra T(1) and T(2) would be equivalent to one another in C2/m symmetry, as would octahedra M(2) and M (3), and the selection of specific ordering sites in the higher symmetry where ordering must start should be a matter of random choice at first. It is to be expected that cooperative forces would tend to extend initial randomly scattered ordering "seeds" into larger local domains and that the coalescence of adjacent domains would result in a true single crystal only if there were effective tendencies for ordering into the same specific structural sites in each domain. Favorable crystallization and cooling conditions could aid in this process, as suggested by Soboleva and Mineeva ( 1981) for phengite-lM. It is more likely that adjacent local domains would have different ordering patterns due to the random choice effect and that coalescence of these domains would result in out-of-step relations or twinning that may or may not be discernible from the usual Bragg diffraction spectra. One possible explanation for the lack of observed long-range tetrahedral ordering in the abundant 1M phlogopite-biotites and 23//1 muscovites is that the ordering for these compositions is entirely in local domains and that the average of all of the domains is long-range tetrahedral disorder as determined by the normal X-ray and electron diffraction techniques (see next section on short-range order). This is equivalent to saying that the energies of all the ordering patterns present in the local domains are about the same, so that no one pattern is predominant. For reasons not yet understood, the 3 T structure is most conducive to tetrahedral ordering for a variety of compositions, and the phengite composition likewise for a variety of layer stacking arrangements. Phengite ordering may be related to the restricted conditions of low-temperature and high-pressure metamorphism or of hydrothermal solutions under which the specimens studied are believed to have formed. The finding of Rule and Bailey (unpublished) that phengite from the amphibolite facies is disordered also suggests some environmental control. Table 4 is not specific as to the absolute locus of cations in the 2341 structure when the symmetry is reduced to subgroup Cc. For example, the published atomic coordinates for margarite-2Ml show A1TM to be located in T(1) of the upper tetrahedral sheet of the first layer and in T(22) of the lower tetrahedral sheet (right-hand side of the pseudo symmetry plane) with the phengific R 2+ octahedral cations located in site M(2). But if this structure is rotated 180 ~ about the crystallographic Y axis and the origin shifted by c/2, the A1TM sites would be described as T(2) and T(11) and the octahedral R 2+ site as M(3) according to the conventions for standard notations adopted above. These two apparently different patterns in fact are equivalent in Cc symmetry. Both show avoidance of local charge imbalance, and they would not be equivalent to the two structures that would not show the imbalance effect [e.g., with A1TM in T(1) and T(22) but octahedral R 2+ in M (3)].
If the two ordering patterns cited above that are equivalent in Cc symmetry are adopted at random in different domains of the same crystal, they would have different crystallographic orientations and optical extinction directions and would be described as twinned relative to one another upon coalescence of the domains. Layer silicates with tetrahedral Si:A1 ratios near 1:1 have strong ordering tendencies and large resultant domains that are visible under crossed nicols of the petrographic microscope. Complex twinning of this sort that is believed to result from inversion to a lower symmetry is ubiquitous in crystals ofmargarite, bityite, and ephesite among the micas, and in amesite among the serpentines. Successful crystallographic refinement of these structures requires isolation of a single twin (domain) unit. For smaller domains that are not big enough to give their own X-ray diffraction patterns an average structure will result upon structural refinement.
SHORT-RANGE ORDERING
In addition to ordering over long distances in the crystal, it has been mentioned that it is possible to have ordering in small domains that extend over only a few unit cells. These domains can be seen especially well by transmission electron microscopic techniques. Depending on the details of the ordering patterns and the distribution of domains, such local or short-range ordering may or may not show up during structural refinement as a perturbation of any long-range ordering that may be present. It is quite possible that 100% local order would show up as 0% long-range order. Commonly the domains tend to be antiphase in nature so that the normal diffraction evidence for their presence is cancelled. If the domains are spaced at regular intervals, however, extra diffraction satellite spots will appear, and some conclusions as to the size, distribution, and orientation of the domains can be drawn from the shapes, positions, and intensities of the satellites. Local modulations of the average structure due to the domains will show up as non-Bragg scattering, i.e., diffuse diffracted intensity positioned between the normal Bragg reflections. Such non-Bragg scattering is present in diffraction records of many micas, but its interpretation is controversial.
The lack of long-range order of tetrahedral Si,A1 in muscovite-2Ml was mentioned above. Gatineau (1964) interpreted the diffuse non-Bragg scattering in muscovite-2M~ as due to short-range ordering of A1 in zigzag chains within the tetrahedral sheet. In a given small domain the direction of chain alignment may be along any one of the three pseudohexagonal X axes of the crystal. Chains of pure A1 were said to alternate along the Y direction in partly ordered fashion with chains of pure Si. This interpretation must be viewed with some caution because of the later finding of Kodama et al. (1971) that in the local domains the tetrahedral network is distorted in linear waves characterized by alternating rows of tetrahedra of slightly differing dimensions even in the absence of any tetrahedral substitution, e.g., as in pyrophyllite and talc. Further study appears to be required to establish the contributions to the diffuse scattering that may be given by local ordering as well as by such phenomena as the oxygen network distortion, thermal motion, and the presence of dislocation arrays. Similar comments apply to the structures of phlogopite and biotite, for which Gatineau and M6ring (1966) observed diffuse scattering very similar to that in muscovite. Gatineau and M6ring (1966) also studied the diffuse X-ray scattering of a lepidolite of unstated structural type. The composition is not given, but by implication is that of polylithionite. Diffuse spots were observed at positions that are satellitic (+a*/3) to the positions of certain of the h + k = odd Bragg reflections that are forbidden by C-centering. The spots were interpreted to indicate short-range octahedral ordering of 1A1 + 2Li in local domains. The ordering takes the form of rows of pure A1 and pure Li aligned along one or the other of the three pseudohexagonal Y axes [01 ], [31 ], or [31] , such that each domain is characterized by only one ordering direction. The ordering is two-dimensional in that the AI rows are spaced regularly within a layer at intervals of 3a/2 (every third row), but only irregularly between layers. The extent of each domain is small, perhaps due to antiphase relations.
Emphasis in the present paper has been placed on the diffraction method of study of order and disorder. This method requires good quality crystals and considerable expenditure of time for refinement of the structural parameters. Spectroscopic methods, including M6ssbauer, infrared, nuclear magnetic resonance (NMR), and Raman, do not have these disadvantages to the same degree and can be effective in determining the distribution of cations and vacancies over the available sites. These methods are sensitive to the local environments of the atoms and therefore can provide information on both long-range and short-range order or disorder. For example, NMR study of phlogopites by Sanz and Stone (1979) has shown that Fe 2+ tends to be distributed randomly over M(1) and M(2) on a long-range basis2 But as the F-content increased local domains were recognized in which Fe 2+ is concentrated in association with OH in one type of domain and Mg is concentrated in association with F in another type of domain. In each domain type the cations occupy both M(1) and M(2) sites. Infrared patterns of micas can be interpreted to show the association of one, two, or three nearest-neighbor Fe 2 § cations around a given OH group, as well as the association of OH with more highly charged cations. These local distributions often average out to long-range disorder as seen by diffraction study.
